Abstract-An endothelial nitric oxide synthase (eNOS) gene polymorphism (Glu298Asp) has been associated with cardiovascular disease. We investigated whether carriage of the polymorphism was associated with functional changes in the endothelium, and how genotype altered the harmful and beneficial impact of environmental influences on the endothelium. Endothelium-dependent, flow-mediated brachial artery dilatation (FMD) and endothelium-independent dilatation response to glyceryl trinitrate were measured using high-resolution ultrasound in 248 subjects (131 female, 117 male, aged 20 to 28) genotyped for the Glu298Asp polymorphism. Vascular function was compared between genotype groups and interactions with the proatherogenic risk factor, smoking, and the antiatherogenic influence of n-3 fatty acids (n-3FA) were investigated. Vascular function was not related to genotype in the group as a whole or within sexes. However, among males, smoking was associated with lower FMD in Asp298 carriers (nonsmokers 0.125Ϯ0.085 mm versus smokers 0.070Ϯ0.060 mm, Pϭ0.006) but not in Glu298 homozygotes (nonsmokers 0.103Ϯ0.090 mm versus smokers 0.124Ϯ0.106, Pϭ0.5). In the whole group, n-3FA levels were positively related to FMD in Asp298 carriers (reg coeffϭ0.023 mm/%, Pϭ0.04, rϭ0.20) but not in Glu298 homozygotes (reg coeffϭϪ0.019 mm/%, Pϭ0.1). These differences between genotype groups were significant in interaction models. The Glu298Asp polymorphism is associated with differences in endothelial responses to both smoking and n-3 FA in healthy young subjects. These findings raise the possibility of genotype-specific prevention strategies in cardiovascular disease.
D
espite major advances in treatment, coronary artery disease remains the biggest cause of mortality and morbidity in the developed world. 1 Further reduction of the cardiovascular disease burden in society may require new strategies not only to improve the management of clinical disease but also to modify the initiation and progression of atherosclerosis early in life. [2] [3] [4] Genetic variation is likely to be an important determinant of both the development of atherosclerosis and clinical sequelae. Clinical research has focused on the association of genetic factors to late cardiovascular outcome [5] [6] [7] [8] [9] and conflicting data has been obtained on the impact of gene polymorphisms. This may be, at least in part, because any genetic effect is modified throughout life by environmental influences, and this potentially confounding lifetime risk factor burden is hard to quantify retrospectively.
Less attention has been paid to genetic influences on the vascular biology of atherosclerosis during the long preclinical phase that begins in childhood. Functional polymorphisms in the gene that encodes vascular endothelial nitric oxide synthase (eNOS) have the potential to affect early disease development. eNOS is responsible for the conversion of L-arginine to nitric oxide in the endothelium 10 and loss of endothelial-derived nitric oxide plays a key role in atherogenesis. 11 Experimental inhibition of nitric oxide synthesis accelerates the formation of early atherosclerotic lesions 12 and nitric oxide is known to influence platelet aggregation, 13 smooth muscle cell migration, 14 and growth, 15 as well as oxidation of low-density lipoprotein. 16 A Glu298Asp polymorphism in the eNOS gene has recently been associated with development of ischemic heart disease and myocardial infarction. 9, 17 The effect of this polymorphism on endothelial function, and in particular its influence at an earlier stage in atherogenesis, remains unknown.
Flow-mediated arterial dilation is a nitric oxide-dependent endothelial response that can be measured noninvasively in vivo using high-resolution ultrasound. 18, 19 We used this method to investigate, first, whether the Glu298Asp polymorphism influenced endothelial function in young, preclinical subjects and, second, whether the polymorphism influenced the vascular response to environmental risk factors. We chose to examine the interaction between genotype and two factors known to have opposite effects on endothelial function: the proatherogenic risk factor of cigarette smoking and antiatherogenic influence of n-3 fatty acid intake. 18,20 -22 
Materials and Methods

Study Design
We studied 248 subjects (131 female, 117 male) aged 20 to 28 years. Invitations to attend a clinic for cardiovascular risk profile evaluation by venepuncture, questionnaire, physical measurements, and vascular studies were sent to random samples of individuals born in Cambridge Maternity Hospital (in whom early growth measures had been recorded) between 1969 and 1975 until the planned study size was reached. With this sample size the study had 80% power at 5% significance to identify a 0.02 mm or 0.6% difference in flowmediated dilatation (FMD) between groups, such as smokers and nonsmokers. Ethical approval was received from local research ethics committees and informed consent was obtained at the time of the study visit.
Measurement of Cardiovascular Risk Factors
Personal and family medical histories were obtained by questionnaire at interview. Subjects were classified as smokers if they reported smoking 1 or more cigarettes a day for the previous 6 months. Blood pressure was measured as the average of the last 2 of 3 seated readings using an automated oscillometric device (Critikon Inc, USA). Weight was recorded (to Ϯ0.1 kg) using scales (Soenhle Ltd) and height (to Ϯ0.1 mm) with a portable stadiometer.
Biochemical Measurements
In each subject, fasting venous blood samples were analyzed for insulin, glucose, total cholesterol, HDL, LDL, and triglyceride concentrations by routine methods. During the study, plasma and erythrocyte membrane ghost samples were stored to permit measurement of the n-3 fatty acids, docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA), in plasma and red blood cell membranes. Total fatty acid methyl esters were prepared from the samples by the direct 1-step trans-esterification method 23 and then analyzed by gas chromatography with flame ionization detection. 24 The area of the DHA plus EPA peaks, expressed as a percentage of the total fatty acid peak areas, was used as the measure of n-3 fatty acid status.
DNA Extraction and Genotyping of the eNOS Glu298Asp Polymorphism
DNA was extracted from stored buffy coats by the salting-out method. The G894T polymorphism in exon 7 of the eNOS gene, which predicts a Glu298Asp amino acid substitution in the mature protein, was genotyped by PCR and allele-specific restriction enzyme digestion. PCR was performed for 35 cycles in a volume of 30 L containing 50 ng of dry DNA, 50 mmol/L KCl, 10 mmol/L Tris (pH 8.3), 0.1% gelatin, and 0.2 mmol/L of each dNTP, 10 pmol of each primer, and 2U of Taq DNA polymerase using primer pairs 5Ј-CCCCTCCATCCCACCCAGTCAAC-3Ј and 5Ј-AGGAAA-CGGTCGCTTCGACGTGCTG-3Ј. Denaturation was at 95°C, annealing at 63°C, and a final extension at 72°C, all for 45 seconds. Ten microliters of PCR products (151 bp) were subjected to digestion with 2U DpnII, which cuts only in the presence of T at position 894 (corresponding to Asp298). Digested samples were then loaded on an ethidium bromide-stained gel and electrophoresed for 1 hour at 10 V/cm at room temperature and the products detected by UV transillumination. An independent observer confirmed all genotypes marked. Discrepancies were resolved by repeat PCR and enzyme digestion.
Vascular Study Measurements
Endothelium-dependent and independent responses in the brachial artery were measured for each subject while lying supine on a couch, as reported previously. 18 After 10 minutes rest, the right brachial artery was imaged in longitudinal section between 10 and 15 cm above the antecubital fossa using a 7-MHz linear array transducer and an Acuson 128XP/10 system. To measure blood flow, arterial flow velocity was obtained with a pulsed Doppler signal at 70°to the vessel with the range gate (1.5 mm) in the center of the artery. Baseline brachial artery diameter was measured using an automated Wall Tracking System (Medical Systems), which utilizes the movement in the radio frequency amplitude peaks over the cardiac cycle to identify the arterial walls. 25 A pneumatic cuff placed distal to the ultrasound probe was then inflated to suprasystolic pressure on the forearm for 4.5 minutes to induce reactive hyperemia. Cuff deflation resulted in increased blood flow through the brachial artery, stimulating endothelial-dependent flow-mediated dilatation. Maximal blood flow and brachial artery diameter 1 minute after cuff release were measured. After 10 minutes rest, a further arterial diameter measurement was made between 3 and 4 minutes after a single sublingual spray of glyceryl trinitrate (around 200 g), which produces an endothelial-independent dilatation. Endothelialdependent and -independent responses were represented, respectively, as change in vessel diameter after increased blood flow (flow-mediated dilatation or FMD) and after GTN (GTND). Both absolute and proportional changes in arterial diameter are presented, where appropriate, as in previous studies. 19 
Statistical Analysis
Variation in vascular function by genotype was assessed using 1-way analysis of variance and the significance of differences between genotype groups and smokers and nonsmokers by unpaired Student's t tests.
Continuous relationships between variables and vascular function were assessed using multiple linear regression models. The variables were added to a model of absolute FMD that included resting vessel size as an independent variable. 19 Standard interaction models were used to determine whether the influence of a risk factor on endothelial function varied between genotype groups. Interaction of risk factors and genotype was assumed if an interaction term, being the product of the risk factor and a variable defining the genotype groups, was significant when added to the regression model containing both variables. Results are presented as meanϮSD unless otherwise stated. Significance was assumed when PϽ0.05.
Results
Sample Characteristics
The characteristics of the study sample are summarized in Table 1 
Endothelial Function, Genotype, and Risk Factors
Genotypic proportions were in Hardy-Weinberg equilibrium with the frequency of the Asp298 allele being 33.3% similar to that observed in previous studies in Caucasian subjects. There were no significant differences in body size, resting vessel size, blood flow, or birthweight 19 between genotype groups. There were also no significant differences in smoking frequency or levels of blood pressure, blood lipids, n-3 fatty acids, or other risk factors according to genotype ( Degree of smoke exposure did not impact on the different associations in genotype groups. Nonsmoking male Asp298 carriers had significantly greater flow-mediated dilatation than both "light"-intensity smokers, that is those with less than 4 pack years of smoking (the median number of pack years smoke exposure) (0.125Ϯ0.085 versus 0.0815Ϯ0.062 mm; Pϭ0.03) and "high"-intensity smokers, those with 4 or more pack years (0.0585Ϯ0.0584 mm; Pϭ0.02). The apparent graded relationship between smoking intensity and flow-mediated dilatation in male Asp298 carriers did not reach significance in regression analysis (regression coefficientϭϪ0.007 mm/pack year 95%CI Ϫ1.678 to 0.098; Pϭ0.1). Glu298 homozygotes with 4 or more pack years still did not have a significant reduction in flowmediated dilatation compared with nonsmokers (0.100Ϯ0.092 versus 0.103Ϯ0.100 mm; Pϭ0.7).
Genotype was not associated with differences in the relationship between FMD and smoking in females, and there was no evidence of a gene-smoking interaction on GTND.
Endothelial Function, Genotype, and n-3 Fatty Acid Status
There was no significant association between plasma n-3 fatty acids and FMD in Glu298 homozygotes (reg coeffϭϪ0.019 mm/%, 95%CI Ϫ0.042 to 0.003; Pϭ0.10). There was, however, a positive association between plasma n-3 fatty acids and FMD in Asp298 carriers (reg coeffϭ0.023 mm/%, 95%CI 0.001 to 0.04; Pϭ0.04, rϭ0.20) (Figure) . The difference by genotype in the association between FMD and plasma n-3FA levels was significant in an interaction model(significance of interaction term, Pϭ0.01). The relationships were seen in the whole group, with no differences by sex or smoking history. For Asp298 carriers, the coefficients for the association between n-3 fatty acids and FMD were positive in males(reg coeffϭ0.047 mm/%, nϭ68), females (reg coeffϭ0.008 mm/%, nϭ70), smokers (reg coeff ϭ0.028 mm/%, nϭ51), and nonsmokers (reg coeff ϭ0.011 mm/%, nϭ87) with no significant difference between these subgroups in interaction models. Similar patterns were seen with red blood cell membrane n-3 fatty acid levels among Asp298 carriers (reg coeffϭ0.002 mm/%). There were no associations between n-3FA and GTND in either genotype group (Glu298 homozygotes: reg coeffϭϪ0.03 mm/%, 95%CI Ϫ0.08 to 0.03, Pϭ0.3; and Asp298 carriers: reg coeff ϭϪ0.04 mm/% 95%CI Ϫ0.09 to 0.02, Pϭ0.2). (12) 121 (12) Diastolic blood pressure, mm Hg 73 (8) 68 (8) Mean (SD or range) is presented for each variable.
Discussion
There was no overall influence of the Glu298Asp polymorphism of the eNOS gene on endothelial function in this group of young, preclinical adult subjects with a representative range of environmental risk factors. However, this study provides evidence of an impact of this common variant of the eNOS gene on the relationships between environmental influences and endothelial function. Carriage of the eNOS Asp298 allele increased the likelihood of a smokingassociated reduction in endothelial function in males and of a positive effect on vascular function of increased n-3 fatty acid levels. These findings, which demonstrate a genetically determined modulation of this phenotype of early atherosclerosis, raise the possibility of a potentially beneficial, genotypespecific interventional approach to risk factors in the young. Our study confirmed that the powerful adverse effect of smoking on endothelial function 18, 20 is already present in young subjects. The impact of smoking, however, depended on the genotype of the individual. A smoking-gene interaction has previously been reported in a small group of older subjects with the rarer polymorphism in intron-4 of the eNOS gene in relation to clinical cardiovascular outcome. 8 Our findings provide evidence that smoking interactions with the eNOS gene may not only influence the late stages of disease but also alter the early pathogenesis of atherosclerosis by modulation of endothelial function.
The molecular effects of the Glu298Asp polymorphism on eNOS enzyme function are still unclear. The kinetics of nitric oxide synthesis do not differ between eNOS Glu298 and eNOS Asp298, but recently, eNOS Asp298 was found to be more susceptible to proteolytic cleavage than eNOS Glu298. 26 The steady-state level of eNOS enzyme in subjects with the Asp298 variant might therefore be lower, with a resultant reduction in capacity for nitric oxide production. Nitric oxide levels in Asp298 carriers may be sufficient to maintain vascular homeostasis in the absence of other risk factors. Smoking, however, increases vascular oxidative stress and thus may reduce bioavailability of a limited nitric oxide resource, accounting for the interactive effects of smoking and eNOS genotype on endothelial function observed in this study. Further studies, perhaps to assess the impact on the association of antioxidants, which might limit the oxygen-derived free radical breakdown of nitric oxide, will be of interest.
In females, there was no interaction between genotype and smoking risk. The development of endothelial dysfunction and atherosclerosis in premenopausal females follows a different pattern to men, probably due to estrogen-mediated protection of the endothelium. 27 Estrogen has been shown to have numerous vasculoprotective actions, including upregulation of endothelial nitric oxide synthase, and this might account for the observed difference in the interaction between smoking and genotype in males and females. Of interest in future studies would be whether variation in endothelial function through the menstrual cycle is sufficient to interact with an underlying association.
In those subjects carrying the Asp298 allele, higher n-3 fatty acid levels had an opposite effect on endothelial function to that of smoking, and this was graded across the levels of n-3FA usually present in normal populations. 22, 28 Dietary supplementation with n-3 fatty acids has been shown to improve microvascular endothelial function, in vitro, in those at risk for cardiovascular disease, 29 and this may be a mechanism for the inverse association between fish consumption, the major dietary source of n-3 fatty acids, and cardiovascular disease mortality. 28 Furthermore, the current study shows that the impact on endothelial function of n-3 fatty acids depends on eNOS genotype, with the influence of n-3 fatty acid level being greater in Asp298 carriers.
The mechanism for this interaction between genotype and n-3 fatty acids is not clear. n-3 fatty acids have been shown to regulate gene expression in lipogenic tissues, such as hepatocytes and adipocytes, probably by altering mRNA stability or the rate of gene transcription through interaction with a polyunsaturated fatty acid responsive element. n-3 fatty acids have also been shown to regulate genes in nonlipogenic tissues, including the immune system and gastrointestinal tract, although there have been no studies on the endothelium. 30 At a cellular level, raised levels of n-3 fatty acids are associated with greater membrane fluidity, resulting in increased activation of membrane bound enzymes, which include eNOS, and signal transduction pathways. 28 Thereby, n-3 fatty acids may optimize a genetically limited endothelial nitric oxide response.
Our finding that vascular function is affected in those with 1 or more Asp298 allele is supported by recent experimental work and is consistent with the hypothesis that such individuals have a reduced nitric oxide-generating capacity. In patients on circulatory bypass, the pressor effect of phenylephrine was shown to be associated with Glu298Asp genotype, with the blood pressure response being positively associated with the number of Asp298 alleles. 31 Furthermore, in women studied early during healthy, singleton pregnancy, when endothelial function is upregulated, flow-mediated dilatation was inversely correlated with the number of Asp298 alleles. 32 The figure shows the significant positive relationship between n-3 fatty acid levels and flow-mediated dilation in carriers of the Asp298 allele with no overall relationship between n-3 fatty acids and flowmediated dilation in Glu298 homozygotes. The mean level of flow-mediated dilation with standard errors are presented for each third of the plasma EPAϩDHA distribution.
In our present study of young subjects, functional differences in the endothelium were only evident when other environmental risk factors were taken into account. Crosssectional clinical studies have shown the Asp298 allele to be more prevalent among myocardial infarction sufferers and individuals with angiographic coronary heart disease. 9 A complex interaction between genotype and lifetime risk factor burden is likely to determine eventual cardiovascular mortality and morbidity. Our study suggests that carriage of the eNOS Asp298 variant is associated with altered endothelial function from as early as the third decade of life, which becomes manifest in the presence of cardiovascular risk factors.
Our data do not prove genotype, n-3 fatty acids, or smoking is causally related to alterations in endothelial function, and potential confounding influences need to be investigated in future studies. In our study, the association between smoking and flow-mediated dilatation persisted in partial correlation, controlling for n-3 fatty acid levels (correlation coefficientϭϪ0.28, Pϭ0.02), suggesting these factors interact independently with genotype. It has been proposed that smoking and n-3 fatty acids may themselves interact to influence endothelial function and larger studies will be of interest to define potential multiple interactions. The present work has studied a cohort with a range of risk factors and smoking prevalence similar to that seen in the normal United Kingdom young adult population. No influences of lipids or blood pressure on vascular function were found, very likely because of the narrow ranges of these risk factors in the study group. Further geographically distinct studies would be useful to confirm our findings and the impact of interventions to modify environmental risk factors should be examined in prospective studies of genotyped individuals.
We have shown that the eNOS Glu298Asp polymorphism is associated with differences in the response of the endothelium to both a proatherogenic environmental risk factor, smoking, and also an antiatherogenic factor related to diet, n-3 fatty acid status. Male subjects with the Asp298 allele may have a specific increased risk from smoking and such information could add extra force to individual counseling on smoking prevention. The interaction between n-3 fatty acid status and genotype is a novel finding. In clinical trials, variation in response to n-3 fatty acids may be partly explained by differences in genotype. Further research is needed to determine whether dietary advice to increase fish consumption could be specifically directed toward subjects with genetic differences that disturb endothelial function. Our results demonstrate that genetic effects on cardiovascular disease need to be studied in conjunction with other modifying environmental factors to determine their impact on vascular disease development.
